The structural effects of yttrium (Y) and cerium (Ce) are investigated when substituted for sodium (Na) in a 0.52SiO 2 -0.24SrO-(0.24−x)Na 2 O-xMO (where x = 0.08; MO = Y 2 O 3 and CeO 2 ) glass series. Network connectivity (NC) was calculated assuming both Y and Ce can act as a network modifier (NC = 2.2) or as a network former (NC up to 2.9). Thermal analysis showed an increase in glass transition temperature (Tg) with increasing Y and Ce content, Y causing the greater increase from the control (Con) at 493 ∘ C to 8 mol% Y (HY) at 660 ∘ C. Vickers hardness (HV)
Introduction
Bioactive glasses are a class of material predominantly used for hard tissue repair in the body. Research into these materials began with the development of 45S5 Bioglass , discovered in 1969 by Professor Larry Hench, which was found to partially degrade in vivo, allowing for the deposition of a hydroxyl-carbonate apatite (HCA) layer essential to the glass bonding and integration with host tissue when implanted into the body [1] . 45S5 is one of many bioactive glasses that can elicit this response where the key compositional element is 45-60 mol% SiO 2 [2, 3] which produces a random network of SiO 2 tetrahedra where some oxygen (O) atoms lack a Si-O BO -Si bonding configuration (bridging oxygen, BO). These non-bridging oxygen (NBO) atoms are instead bound to one Si atom and a modifying element (R) Si-O NBO -R, where the ratio of BO/NBO < 1 has been found necessary to allow glass degradation and bioactivity [4, 5] . Some of the most common network modifying or intermediate elements include aluminum (Al), fluoride (F), zinc (Zn), strontium (Sr), titanium (Ti), magnesium (Mg), gallium (Ga), and cerium (Ce) [6] [7] [8] [9] [10] [11] [12] [13] . The ability to incorporate different elements into the glass structure can affect network connectivity and rigidity which is related to glass degradation, and in turn can alter the composition, morphology and thickness of the bioactive HCA layer subsequently deposited on the surface; in addition presence in the extracellular fluids upon release can allow these ions to act as therapeutic agents [14] . Some examples include F which is incorporated in dental materials and released (as F − ) acting to improve the strength of the surrounding tooth [15] [16] [17] . Sr is used orally as strontium ranelate to improve bone strength in osteoporotic patients and has been added to bioactive glasses used in bone applications to provide a similar therapeutic effect when released as Sr 2+ [7, 14, 18] . In addition, Sr and Mg have been used to reduce the solubility of the glass network and alter the formation and morphology of the HCA layer [11, 19, 20] . The diversity of modifying elements that can be incorporated into the Si network of bioactive glasses gives rise to their many applications, such as particulates for bone void filling, glass microspheres for drug delivery, pastes/cements in dental and spinal applications, bone adhesives, scaffolds [15, [21] [22] [23] , and more recently, they have been applied in composite guides for nerve regeneration [24, 25] . The regeneration of nerves, specifically after spinal cord injury (SCI), is of particular interest, and there are many research activities currently aimed at aiding the regeneration and reconnection of these nerves. However, there are a multitude of impediments to this process and over distances greater than 5 mm the reconnection does not often occur properly and functionality is not recovered [26] . Nerve guide conduits with surface modifications and neuro-promoting growth factors have shown some improvement observed in the regeneration and reconnection process, however, the limited ability of nerves to regenerate and multiple post-injury environmental impediments continue to compromise the regenerating nerve tissue before reconnection [27] [28] [29] [30] .
This study aims to develop and investigate a series of bioactive glasses that can be used to alleviate two detrimental environmental conditions, specifically, influx of calcium ions (Ca 2+ ) and oxidative damage, for the regrowth of a damaged spinal cord nerve tissue. [2, 3] Through compositional modifications, a bioactive glass can be developed that addresses the Ca 2+ accumulation and oxidative stresses that are imposed on nerve tissue after damage; the first is the replacement of Ca 2+ in the glass network with Sr 2+ . Sr 2+ is an ion of similar charge and size to Ca 2+ , has been shown to serve the same network role in bioactive glasses (as a network modifier), encourages bone growth, and is metabolized through the same channels in the body as Ca 2+ [7, 31] . By exchanging the Ca 2+ for Sr 2+ , additional Ca 2+ will not be released at the site upon degradation of the glass, while maintaining the glass network degradability and potential bioactivity [18] . The second modification involves the addition of yttrium (Y) and Ce to the glass. Studies using yttria and ceria nanoparticles found that both exhibit neuro-protective properties through direct scavenging of reactive oxygen species (ROS) from the site with limited toxicity [30, 32] . In addition, Y and Ce have both been successfully incorporated into bioactive glasses up to 5 mol% [9, 33, 34] . These simulated body fluid (SBF) studies show that the deposition of a HCA occurs, but is delayed (forms between 7 and 14 days incubation) and thickness is decreased with increasing Y and Ce content as a result of the increased network rigidity.
In an effort to avoid the delayed bioactivity observed with previous Y and Ce containing glasses, Na content was increased. The development and characterization of Y and Ce containing glasses, where Ca 2+ is replaced with Sr 2+ , is the subject of this study, with the aim of evaluating the glass network in terms of potential to elicit a bioactive response. Techniques used for bioactive glass characterization are focused on evaluating the glass structure and extrapolating their potential to elicit a bioactive response. Calculation of the theoretical network connectivity (NC) can be the first indication of what is occurring when trends are observed in Simultaneous Thermal Gravimetric Analyzer-Differential Scanning Calorimetry (TGA-DSC), Vickers hardness (HV), 29 Si Magic Angle Spinning-Nuclear
Magnetic Resonance (MAS-NMR) and X-ray Photoelectron Spectroscopy (XPS). Ideal NC for deposition of a HCA layer is 2.0-2.4, and corresponds to a glass composed of mainly Q 2 -Q 3 silicate tetrahedral units [35, 36] . Trends in the glass transition temperature (Tg) and HV observed in simple silicate systems associate increasing Tg/HV with a greater quantity of BOs, therefore indicating greater connectivity and relative increases in Q-speciation [37, 38] . This can also be observed through 29 Si MAS-NMR where a fully connected silicate network of Q 4 tetrahedra shows a peak center below −100 ppm increasing to nearly −65 ppm for Q 0 species [39, 40] . XPS complements this technique with a main focus on the O 1s spectral line which can commonly be de-convoluted into its BO and NBO components, where the ratio between the two has been related to the potential for dissolution; the initiation step in the process for deposition of a HCA layer on the surface of the glass [5, 41] . These techniques are used herein to evaluate the bioactive potential of these Y and Ce containing 0.52SiO 2 -0.24SrO-0.24−xNa 2 O glasses based on structure.
Materials & Methods

Glass Synthesis
Six glasses of varying composition were formulated for this study, two yttrium (Y) containing glasses (LY, HY), two cerium (Ce) containing glasses (LCe, HCe), one glass containing both yttrium and cerium (YCe), and one SrO-Na 2 OSiO 2 control glass (Con). The Y 2 O 3 and CeO 2 are incorporated into each glass, with the exception of the control, at the expense of Na 2 O. Glass compositions (mol%) can be found in Table 1 .
Glass Powder Production
Glass powders were prepared by weighing out appropriate amounts of analytical grade reagents (Fisher Scientific, PA, USA) and ball milling (1 h). The mix was then oven dried (100 ∘ C, 1 h), fired (1500 ∘ C, 1 h) in a platinum crucible and shock quenched in water. The resulting frit was dried, ground and sieved to retrieve glass particles < 20 µm.
Glass Rod/Plate Production
The powdered mixes of analytical grade reagents (Fisher Scientific, PA, USA) were oven dried (100 ∘ C, 1 h) and fired (1500 ∘ C, 1 h) in a platinum crucibles. Glass rods/plates were produced by pouring the melts into graphite molds. The graphite molds were left for 1 hr before the glass was removed and subsequently annealed at the glass transition (Tg) temperature for 3 hrs. The resulting glass casts were shaped into approximate dimensions of 15 × 3∅ mm rods and 50 × 30 × 5 mm plates using an Ecomet III polish/grinding machine (Buehler, IL, USA) with incremental grit silicon carbide grinding paper (MetLab, NY, USA).
Glass Characterization
Particle Size Analysis (PSA)
Particle size was analyzed using a Multisizer 4 Particle Size Analyzer (Beckman Coulter, CA, USA). Glass powder samples (n = 3) were loaded into 20 ∘ C Isoton II Diluent at a concentration < 10%. Samples were evaluated using a 280 µm standard to a final count of 30000.
X-Ray Diffraction (XRD)
Diffraction patterns were collected using a Phaser D2 X-ray Diffraction Unit (Bruker AXS Inc., WI, USA). Glass powder samples (n = 1) were packed into zero background sample holders. A generator voltage of 40 kV and a tube current of 30 mA was employed. Scattering patterns were collected in the range 10 ∘ < 2θ < 70 ∘ , at a scan step size 0.02 ∘ and a step time of 10 s.
Network Connectivity (NC)
The NC of the glass series was calculated using equation 1 and basing the calculations on the molar compositions of each glass. Multiple NC calculations were performed based on Y and Ce acting as (1) network formers, where charge compensation is provided in the order N + > Sr 2+ and as (2) network modifiers. Calculations were made assuming a net of 2 NBO were produced for each Y and Ce performing as network modifiers.
Thermal Analysis
A SDT Q600 Simultaneous Thermal Gravimetric AnalyserDifferential Scanning Calorimetry (TGA-DSC) (TA Instruments, DW, USA) was used to obtain a thermal profile of each glass (n = 2), specifically the glass transition temperature (Tg) and crystallization temperatures. A heating rate of 20 ∘ C/min was employed in an air atmosphere using alumina as a reference in a matched platinum crucible. Sample measurements were carried out every 0.5 s between 30 ∘ C and 1300 ∘ C. TA Universal Analysis software (TA Instruments, DW, USA) was used to plot and obtain the temperatures of interest.
Vickers Hardness
HV testing was completed on glass plates mounted in epoxy resin and polished using 1200 grit silicon carbide polishing paper. A HMV-2000 Hardness testing machine (Shimadzu, MD, USA) was used with a 500 g load cell at a load of 200 g and a dwelling time of 15 s (n = 16). Using the attached light microscope and computer, the diagonals created by the Vickers diamond indenter were measured and the hardness was calculated using Eq. (2) where the conversion factor from VHN to GPa is included.
where: 29 Si MAS-NMR studies were carried out on a Bruker 600 mHz Wide-Bore Solid State NMR spectrometer with a 9.4 T magnet (600.35 MHz proton Larmor frequency, 119.27 MHz 29 Si Larmor frequency) using a probe head for 7 mm rotor diameters. The specimens (n = 1, < 20 µm) were spun at 5.00 kHz. 200 scans were accumulated with single pulse excitation using a pulse length of 80 ∘ at 28 kHz rf field strength. The recycle delays were chosen to be three times the spin lattice relaxation times as determined by inversion recovery sequences. Spin lattice relaxation times ranged between 15 and 26 s. The chemical shift scale was referenced externally against Kaolin as secondary chemical shift standard at −91.34 ppm (center between doublet).
Magic Angle Spinning-Nuclear Magnetic Resonance (MAS-NMR)
X-ray Photoelectron Spectroscopy (XPS)
XPS was performed using a Kratos AXIS-165 X-ray Photoelectron Spectrometer to analyze the surface chemistry, as well as the chemical state of the top few nanometers of the samples. Notched glass bars (n = 1) were broken under vacuum. Survey scans were used to monitor the presence of any contaminants. TMono Al X-rays were used with a 100 lm spot size, 25 W, 15 kV, 240 eV pass energy, 0.5 eV step size, 3 sweeps, and a binding energy range of 0-1,100 eV. High resolution scans were then acquired of the binding energy regions associated with each element present in the glass. Spot size, power, and voltage were held consistent, however the pass energy and step size was reduced to 55 and 0.05 eV respectively, and the number of sweeps was raised to 5. All data was normalized based on the C 1s peak position of 284.8 eV.
Preliminary Cell Compatibility
Glass plates (n = 1) were buffered for 24 hrs in DMEM Low Media supplemented with 10% FBS in a cell culture incubator at 37 ∘ C/5% CO 2 /95% air atmosphere (Fisher Scientific, PA, USA). sNF96.2 Schwann cells (ATCC CRL-2884) were seeded onto the glass plates in 6-well plates at a density of 10 4 cells/well and incubated for an additional 24 hrs. Cells were then fixed using the procedure from Wang et al. [42] and imaged using a Quanta 200F Environmental Scanning Electron Microscope under a vacuum at a pressure of 0.60 torr. The electron beam was used at an accelerating voltage of 20 kV and a spot size of 3.0.
Results
Particle Size Analysis
Average particle size ranged from 4.2 µm for Con to 4.6 µm for HCe, with LY falling slightly outside the range at 3.9 µm. Particle sizes for each glass powder are presented in Table 1 . LY is found to be statistically lower than the glasses containing high modifier content (HY and HCe) though the average particle size range is < 1 µm for all glasses.
X-Ray Diffraction (XRD)
Scattering patterns are for all glasses can be seen in Figure 1 . No crystalline peaks were detected in any of the six glasses confirming their completely amorphous nature.
Network Connectivity (NC)
The calculated NC for each glass is displayed in Figure 2 . The NC of the control glass, Con, Y, and Ce glasses assuming Y and Ce serve as network modifiers remains constant Table 2 includes this data in addition to the NC as calculated using the compositions obtained through XPS analysis for comparison, and will be discussed in section 3.7.
Thermal Analysis
Tg obtained from TGA-DSC are shown in Figure 3 and full curves are shown in Figure 4 . Con has the lowest Tg of 
Vickers hardness (HV)
HV values are presented in Table 1 for all glasses. The control glass, Con, and LCe containing 4 mol% Ce, have a HV of 5.5 GPa. HV increases to 6.0 GPa and 5.9 GPa with the addition of 4 mol% and 8 mol% Y in the LY and HY glasses respectively. The glass containing 4 mol% of both Y and Ce also has a HV of 5.9 GPa, while HCe containing 8 mol% Ce shows the greatest increase to 6.5 GPa, though the HV difference between the glasses was not found to be significant.
Magic Angle Spinning-Nuclear Magnetic Resonance (MAS-NMR)
MAS-NMR can be used to elucidate the Si environment and associated Q-structure. Figure 5 shows the 29 Si MAS-NMR studies for each glass composition. Con has a peak location at −81.3 ppm. Y containing glasses did not significantly shift the 29 Si peak location centering at −81.5 ppm and −81.2 ppm for LY and HY respectively. Peak broadening is observed in the Ce containing glasses along with a slight shifting of the peak center. YCe and LCe containing 4 mol% Ce shifted the center to −82.7 ppm, while HCe with 8 mol% Ce saw the greatest peak broadening and a shift to −84.8 ppm. All peaks de-convoluted using a Gaussian distribution showed a peak curve fit to the primary peak with secondary peaks on the shoulder(s).
X-ray Photoelectron Spectroscopy (XPS)
XPS survey scans, shown in Figure 6 , were used to confirm the glass composition. Glass compositions as calculated from XPS are included in Table 1 . All glasses showed a slight decrease in Si content (from 1-5 mol%) and an increase in Na content (2-8 mol%). Sr, Y and Ce content remained consistent with the "as batched" values (±1-2 mol%). Using the XPS compositions, NC was recalculated and is included in Table 2 with the original values for comparison. NC decreases for all glasses due to the decrease in Si content and associated increase in Na content. The NC for Con decreases from 2.2 to 2.0. When Y and Ce are assumed to act as network formers the greatest NC decrease is seen for LY going from 2.6 to 2.1, followed by HY and HCe both decreasing by a factor of 0.3. The NC drops below 2.0 when Y and Ce are assumed to act as network modifiers, with the exception of LCe (2.1) and Con which remains constant (2.0).
High resolution scans for Si 2p, Sr 3d, Na 1s, Y 3d, Ce 3d and O 1s were completed and the binding energy (BE) for each peak maximum can be found in Table 3 . The range in BE for the 6 glasses and each spectral line is ≤ 0.7 eV indicating no significant shift in BE. High resolution scans for Y and Ce are shown in Figures 7 and 8 . The Y 3d 5/2 and Y 3d 3/2 peaks are seen in each Y containing glass (LY, HY and YCe) without significant shift in peak location or area. An indistinct maximum is seen in the Ce 3d 5/2 and Ce 3d 3/2 peaks of the Ce containing glasses (LCe, HCe, YCe). After curve fitting it can be seen that each glass containing 4 mol% Ce displays two peaks contributing to each spin of the Ce 3d spectral line (a, b and c, d) and a shoulder, e, around 916 eV. The shoulder becomes more promi- nent when Ce content is increased to 8 mol% in the HCe glass, and is associated with the appearance of an additional peak in each spin state (a 2 and c 2 ). Fitting of the O 1s spectral lines for the Con and glasses containing high total modifier content (HY, YCe, HCe) was undertaken and is presented in Figure 9 . In the control glass, Con, a high energy peak, centered at 531.1 eV, is indicative of BOs, and a low energy peak, centered at 529.4 eV, represents NBOs. These BO and NBO peaks are present in each glass and it can be seen that slight shifting occurs of the peaks to higher BE with addition of Y, and to a lesser degree with Ce. Peak fitting revealed there is a decrease in the ratio of BO:NBO (shown in Figure 10 ) where Con has a ratio of 0.7, decreasing to 0.6, 0.5 and 0.4 for YCe, HCe and HY respectively. 
Preliminary Cell Compatibility
Images showing Schwann cell interaction with the polished bulk glass surfaces can be seen in Figure 11 . All glasses prove to be acceptable surfaces for growth and attachment of Schwann cells, though differences in cell den- not form a connected network, however individual cells show a greater degree of spreading on the glass surface.
Discussion
With the aim of incorporating Y and Ce to reduce the oxidative damage associated with nerve injury while retaining bioactivity, 6 glasses containing various quantities of Y and/or Ce were synthesized and NC calculated assuming both a forming and modifying role for Y and Ce. The common cation charge of Y is Y 3+ , and Ce is also found as Ce 3+ , analogous to that of both Al +3 and Ga 3+ which have been found to act as network intermediates depending on the ratio to Si and charge compensating cations [43, 44] . Ce is also found as Ce 4+ , and while similar in charge to Si, it is nearly double the ionic size in addition to having a typical coordination environment greater than 4 as is seen for Si [45] , therefore is not expected to serve in typical Si tetrahedral positions, though may produce an analogous forming effect. NC calculations, assuming that the Y and Ce are incorporated into the glass network in a forming role, suggests Y will produce a greater increase as a result of the required charge compensation, and Ce will produce an increase in NC similar to that of Si. However, considering Ce commonly exists in multiple oxidation states (Ce 3+ and Ce 4+ ) in glass structures, and has not been processed to produce glass of either state exclusively, multiple techniques within this study will be necessary to determine the cumulative role of Ce species within these glasses. As network modifiers, Y 3+ and Ce 3+ are assumed to create 2 NBOs/mol and therefore directly replace Na, suggesting that the NC will remain constant. The calculated NC for these glasses falls into the optimum range for bioactivity at 2.2 assuming Y and Ce act as network modifiers, and approach/exceed the upper limit when calculated as formers, however previous studies have found both to act primarily as network modifiers [9, 34, 46, 47] . Glass formation and processing is verified through XRD that a completely amorphous structure was achieved for each glass, thereby avoiding potential mismatched onset times for the formation of a HCA layer seen with partially to fully crystallized materials [48, 49] , and average particle size for the glass powders falls within a 1 µm range further ensuring consistency between samples. Thermal analysis of the glasses was used to evaluate any change in the Tg where an increase in Tg represents greater stability of the glass network, which can be an effect of ionic differences or often as a result of increased quantities of BOs and higher NC [37, 38] . The significant increase in Tg with both Y and Ce content is seen for all glasses, increasing with increasing content. This indicates increased network stability as a result of the replacement of Na with both Y and Ce, where Y and Ce have complementary effects in the YCe glass and Y is producing a greater effect. This Tg increase is likely due to the ionic differences relating to Na, Y, and Ce considering the charge, size, field strength, and coordination environment typically adopted by each. Na is found as Na 1+ in glass networks and has low field strength in comparison to Y or Ce. In the glass each Na ion is associated with NBO and experiences an ionic association that is relatively weak; these characteristics allow Na to easily move through the glass network as evidenced by the immediate exchange with hydronium ions in incubation fluids [50, 51] . Y and Ce are similar in ionic size to Na, however, as trivalent and tetravalent ions their associated field strength is higher which may impart a covalent characteristic to the O atoms they associate with within the glass network. In addition, the coordination environment of both Y and Ce in glasses has been found to be between 6 and 8 where they preferentially associate with NBOs [45, 52, 53] . These characteristics are likely producing the increase seen in Tg where stronger Y-NBO and Ce-NBO association with multiple NBOs increase the stability, and likely has implications for their movement through the glass structure in vivo which has been observed through lack of release in SBF studies [9, 34, 54] . When considering the possibility of increased network connectivity or rigidity, hardness can prove complementary and offer further indication of structural changes with composition [55, 56] . Current models use constraint theory to predict changes in the hardness where increased constraints on the network through increased connectivity reflect greater hardness values, though complex systems experience local maximum/minimum and are not completely understood [57] . The lack of significant difference in hardness between the control glass and Y and Ce containing glasses suggests there is not a significant change in network connectivity. Therefore, considering the hardness in correlation with the Tg, Y and Ce are likely acting as modifiers, while producing an increase in network rigidity as an effect of their ionic characteristics compared to Na [9, 34, 47] .
To gain a better understanding of the role of Y and Ce in the glasses, the Si tetrahedral environment was evaluated using 29 Si MAS-NMR and characteristic Q-species in- . The control glass, Con illustrates an appropriate initial composition with a calculated NC of 2.2 and an NMR peak location at −81 ppm falling between the Q 2 and Q 3 species characteristic shifts. This indicates the Con will likely exhibit degradability to allow for a bioactive response in vivo. Similarly, LY and HY produce a minimal shift in comparison to Con supporting the Q 2 , partially Q 3 Q-structure. This substantiates the Tg, HV, and literature that Y is performing as a network modifier. With the addition of Ce, a negative shift is observed for YCe, LCe, and HCe; the magnitude of which is similar for YCe and LCe and greater for HCe, indicating the effect is solely due to Ce content in the YCe glass. Generally this shift toward a higher Q-structure, indicates increased network connectivity, however shifts for Q-species have characteristic ranges up to 10 ppm depending on the conditions and composition of silicate glasses; therefore the 1.4-3.5 ppm shift observed may not be significant based on the average Q x shift values chosen for graphical representa-tion. A distinct feature of significance present in the MAS-NMR spectra is peak broadening occurring with the addition of Ce to the glass and presence of shoulders in the Q 0 and Q 4 characteristic regions. The broadening suggests the Q-species distribution in the glass is becoming diversified where in an ideal glass there will be a ratio of two adjacent Q-species. In practice, glasses will typically exhibit two prominent Q-species with small contributions from the remaining, which is the case with the Con and Y containing glasses with a prominently Q 2 -Q 3 distribution. The addition of Ce however suggests the presence of increasing quantities of each Q type with increasing Ce content. It can also be seen that the Ce effect on Si-O environment is not affected by the presence of Y in the glass as the peak shifts and shoulders are similar in both YCe and LCe containing 4 mol% Ce each. This Q-species distribution is possibly due to the multivalent states and range in coordination environments adopted by Ce ions in glasses [9, 45] . The compositional comparison as determined by XPS maintains a consistent reduction of Si and an increase in Na. Minimal shifting in the Si 2p, Sr 3d, Na 1s, and Y 3d peaks do not indicate a significant difference in the elemental bonding environment between glasses. The lack in shift of the Si 2p peak is of interest specifically for the Ce containing glasses considering the peak shift and broadening observed in MAS-NMR. The overall shift in the MAS-NMR spectra relating to the bridging or non-bridging nature of the Si coordinating O atoms, does not appear to effect the immediate Si-O bonding reflected in the XPS survey scan. The Ce 3d spectral line does not exhibit a maximum, but does have the characteristic Ce 3d 5 [61] , and is supported by Tg/HV. The significant differences between glasses from XPS become apparent when analyzing the ratio of BO:NBO. BO:NBO decreases with the addition of both Y and Ce indicating that while they increase the network rigidity, in replacing Na, HY is creating a 17% increase and HCe is creating an 11% increase in NBOs at 8 mol%. This increase in NBO is not suggested in the NMR spectra and may be attributed to variations in the physical state of the samples where MAS-NMR was run on < 20 µm powders and XPS with glass surfaces broken under vacuum. Atmospheric interaction the high energy surface of the glass particulate likely altered the network at the surface of the particles, which can in turn affect the overall MAS-NMR spectra, while XPS will show the bulk characteristics. The creation of a greater quantity of NBOs with the addition of Y in comparison to Ce may be due to any number of differences between the two such as distribution throughout the network, coordination environment, required charge balancing, and presence of Ce in a tetravalent state. Further the YCe glass creates only a 6% increase in NBO where it might be expected to fall between HY and HCe as seen with the Tg values. While the effect of Y and Ce is complementary in producing the increase in network rigidity seen through Tg they appear to behave independently in the network considering the MAS-NMR shifts are nearly identical to that of LCe and the XPS peak locations do not significantly shift indicating lack of interaction between the two within the network. Therefore, the effect when considering network connectivity is likely not additive and would be representative of the 4 mol% additions which would produce an average increase in NBOs around 7%, which is still slightly higher than that observed in the actual YCe glass but may be accounted for by additional charge balancing required with multiple tri/tetravalent ion types existing within the same network. A BO:NBO ratio greater than 1 indicates a glass will have low bioactivity, Con, HY, YCe, and HCe all maintain BO/NBO ratios less than 1 further supporting their potential to degrade and incite the formation of a HCA layer in vivo [62] . The glass series shows network characteristics suggesting their bioactive potential (evaluation of which will be the subject of future work) but does not give any indication of their biocompatibility. Therefore, work was undertaken to evaluate initial biocompatibility with Schwann cells on the polished glass surface where each was shown to support cell attachment with differences in population. This may be affected by any number of factors including but not limited to composition, surface charge and energy, or slight roughness variation. Based on population size present on the glass surfaces the Con and LCe glasses appear to perform slightly better than LY and HCe, followed by HY and YCe and is likely due to surface effects created by the increasing Y and Ce content.
Conclusion
Y glasses show a significant increase in thermal stability, while not altering the glass hardness or indicating a prominent shift in the Q-species as observed by 29 Si MAS-NMR.
XPS shows a decrease in the BO:NBO ratio with 8 mol% Y supporting the literature that it serves as a network modifier in the glass structure while increasing the rigidity due to its ionic properties. Ce glasses show moderate increase in Tg, no change in hardness, and present a negative shift and peak broadening in the 29 Si MAS-NMR, suggesting the diversification of Q-species. XPS shows an indistinct maximum with multiple Ce states for the Ce 3d spectral line indicating an increase in Ce 4+ ions with increasing Ce content and a decrease in BO:NBO ratio similar to that of Y. Therefore, while the multitude of bonding environments associated with the presence of tri/tetravalent Ce may indicate some intermediate activity, collectively it serves as a network modifier in the Ce-containing glasses. The ability of bioactive glasses to interact with physiological fluids and induce the deposition of a HCA layer is dependent on the glass composition and the connectivity of its network, which can be interpreted through various characterization techniques. The characterization techniques used in this work to evaluate the network structure, in agreement with previous studies, support that Y and Ce are both preforming primarily as network modifiers in the glasses, and increase network rigidity due to their ionic characteristics. This suggests NC falls within the optimum range for bioactivity, while Schwann cell attachment to each glass surface supports preliminary biocompatibility and maintains that these glasses are candidates for solubility and cytocompatibility studies.
